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Elatostema tenuicaudatum W. T. Wang, a medicinal plant traditionally utilized in herbal remedies, was
explored for its cytotoxic properties. Bioassay-guided fractionation led to the discovery of six novel
compounds, designated as elatostemanosides |-VI, with their structures elucidated through advanced
spectroscopic methods and DP4+ analysis. Among these, compounds 2, 5, and 6 demonstrated
moderate cytotoxicity against the human liver cancer cell line HepG2, exhibiting ICsq values of 18.2 +

R 425t D ber 2024 21,321+ 04, and 57.6 + 1.3 uM, respectively. Notably, compound 6 also displayed significant activity

eceive th December . . . .

Accepted Sth March 2025 against the human breast cancer cell line HCC1806, with an ICsq value of 35.4 + 0.3 pM. Mechanistic
studies revealed these compounds induced apoptosis by modulating the Bax/Bcl-2 ratio. Furthermore,

DOI: 10.1035/d4ra09007a structure—activity relationship (SAR) analysis underscored the importance of specific functional groups in
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1. Introduction

Cancer is a leading cause of death worldwide, accounting for
millions of cases and deaths each year." Among these, liver and
breast cancers are particularly challenging to treat due to their
complexity and drug resistance.>® To date, the number of
chemotherapeutic drugs available for liver and breast cancers is
still limited and often accompanied by significant side effects.*
Given these challenges, improving drug formulations to
enhance the therapeutic efficacy of existing treatments is
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a crucial strategy. Advances in formulation strategies can opti-
mize drug delivery, reduce side effects, and improve patient
compliance.>” In addition, the discovery of new, effective, and
safe therapeutic agents is crucial, especially from natural
product resources.® A variety of techniques are applied to search
for potential candidates, with cytotoxicity screening being an
essential initial step due to its effectiveness, simplicity, and
cost- and time-efficiency.®

Apoptosis, or programmed cell death, is a regulated process
essential for cellular balance and eliminating damaged or
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malignant cells. It operates through pathways like the intrinsic
(mitochondrial) pathway, which responds to intracellular stress
and chemotherapeutic agents.'*"> Emerging drugs target these
pathways to selectively kill cancer cells while sparing healthy
ones, offering improved therapeutic outcomes.**** For studying
apoptosis, flow cytometry is a powerful tool that offers high
sensitivity and quantitative single-cell data.”® Using annexin V
and propidium iodide (PI) staining, it enables precise classifi-
cation of apoptotic stages, providing critical insights into
apoptotic mechanisms and supporting anticancer drug
discovery.'®"”

One of the central regulators of the intrinsic pathway is the
Bcl-2 family of proteins, which includes both pro-apoptotic (e.g:,
Bax, Bak) and anti-apoptotic (e.g., Bcl-2, Bcl-xL) members. The
balance between these opposing factions determines the cell's
fate. An increased Bax/Bcl-2 ratio favors mitochondrial outer
membrane permeabilization (MOMP), leading to the release of
cytochrome c into the cytosol. Cytochrome c¢ then binds to
apoptotic protease activating factor-1 (Apaf-1), forming the
apoptosome, which subsequently activates caspase-9. This acti-
vation triggers a caspase cascade culminating in the execution of
apoptosis.”®?* Screening for cytotoxic agents based on their
ability to modulate the Bax/Bcl-2 ratio has become a promising
strategy in anticancer drug discovery. Compounds that upregu-
late pro-apoptotic proteins or inhibit anti-apoptotic ones can
induce apoptosis selectively in cancer cells, providing a targeted
approach to combat drug resistance and reduce side effects.>*>*

Elatostema tenuicaudatum W. T. Wang, belonging to the Urti-
caceae family, is known both as an edible vegetable and an herbal
medicine in the Vietnamese Northwest region. Besides being
a delicious food, it is traditionally employed in ethnomedicine to
treat diabetes, liver dysfunction, stomatitis, and cancer. A
previous study isolated three dihydrophenanthrenes and
assessed the anti-inflammatory activity of this plant.”® However,
research on this plant remains limited. This study reports the
cytotoxicity-guided isolation and the cytotoxic effects of
compounds against human hepatocellular carcinoma (HepG2)
and human triple-negative breast cancer (HCC1806) cell lines.
Additionally, the structure-activity relationship (SAR) was inves-
tigated, alongside an analysis of the underlying mechanisms of
action through flow cytometry and western blot techniques.

2. Results and discussion

2.1. Bioassay-guided isolation and structural elucidation

Fractions 1-11 were tested for cytotoxic effects at a concentra-
tion of 400 ug ml . The results indicated that fractions 5-8
exhibited cell viability below 70% (Fig. 1). As a result, these
fractions were selected for further isolation, leading to the
discovery of six new compounds 1-6.

The Polysaccharide Compositional Assay Kit was used to
identify the sugar type by HPLC-MS or CE-DAD***” In the
hydrolysates of all compounds 1-6, peaks corresponding to p-
glucose-naphthylimidazole (NAIM) with a retention time of 4.92
minutes were observed by comparing to a reference standard.
This confirmed the monosaccharide of compounds 1-6 as p-
glucose.
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Fig. 1 Cytotoxicity of fractions 1-11 (400 pg ml™) and sorafenib (50
uM) against HepG2.

Compound 1 was acquired as a white amorphous powder. It
was assigned a formula form of C,4H,¢0; that was established
based on peaks at m/z 353.15680 [M + Na]’, caled for
C16H,60,Na, m/z 375.16505 [M + HCOO] ", calcd for C;;H,,0q
in the HRESIMS. Its IR spectrum revealed the presence of
hydroxy and conjugated carbonyl groups (3392 and 1694 cm ™,
respectively). UV absorption at Apyax 204, 226 and 290 nm were
indicated in the UV spectrum. The "H-NMR show one proton of
aldehyde group signal at éy 9.35 (s); four olefinic protons at 6y
6.67 (td, 7.3, 1.4), 6.11 (dd, 17.7, 11.0), 5.19 (dd, 11.0, 1.2) and
5.26 (dd, 17.7, 1.2); two tertiary methyl groups at dy; 1.72 (s) and
1.38 (s) and anomer proton at dy 4.36 (d, 7.9). Combine 'H-
NMR, *C-NMR, DEPT and HSQC NMR data exhibited that
compound 1 contains two CHjs, four CH,, seven CH and three
quaternary carbon groups. The chain bone was established
based on 1D and 2D NMR signals as in Fig. 3. The linkage of
glucose was identified according to the HMBC correlation from
H-1 to C-6 and the beta-orientation of sugar was also
confirmed by J value equal to 7.9 Hz of H-1' anomer. The Z
configuration of C,-C; double bond was established based on
NOE correlation of H-1/H-3 and H-4/H-10 (Fig. 3). For the
absolute configuration, linear correlation between experi-
mental and calculated proton and carbon NMR values and
DP4+ analysis was conducted to identify the configuration of
the C-6 position.*®?° The results showed that 6S-1 and 6R-1
both have good correlation with correlation coefficient (R?)
values of 0.9960 and 0.9965, respectively (Fig. 4). Furthermore,
by DP4+ analysis, configuration 6S-1 acquired the match ratio
values of 3.72% (uDP4+ - all data), 50.97% (sDP4+ - all data),
3.86% (DP4+ - all data) compared to configuration 6R-1 with
match ratio values of 96.28% (uDP4+ - all data), 49.03% (sDP4+
- all data), 96.14% (DP4+ - all data) (ESI Tables S1-S37).
Therefore, the absolute configuration position of C-6 was
identified as 6-R form, and their chemical structure was
established as in Fig. 2, named elatostemanoside I. Compound
1 was a glycoside aldehyde form of the methiafolic acid family
which was isolated from jasminum hemsleyi.>

Compound 2 was isolated as a white amorphous powder. Its
molecular formula of C,;H,,04 was identified based on HRE-
SIMS (m/z 355.13827 [M + HJ', caled for C,,Hy30g, m/z
399.12857 [M + HCOO]™ caled for C;4H,304,). The IR spectrum
showed absorption bands corresponding to hydroxy
(3388 cm ™) and conjugated carbonyl groups (1657 cm ™). The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical structure of compounds 1-6.

UV spectrum displayed absorption maxima at 208, 230, 273, and
307 nm. Based on 1D NMR spectrum, one tetrasubstituted
benzene group with two olefinic protons at 6y 6.90 (s, H-5), 7.68
(s, H-8); one methoxy group, one B-orientation proton anomer
0y 4.94 (d, 7.2, H-Glc1) were explored. The O-sugar linkage was
confirmed by the HMBC correlation of H-Glc1/C-6 and NOESY
correlation of H-Glc1/H-5 and OMe linkage was also determined
by HMBC signal of OMe/C-7 and NOESY signal of OMe/H-8. In
addition, the position of C4a, C8a, C-1, C-4 were confirmed
based on HMBC signal of H-5/C-4a, C-4, C-10a, H-8/C-1, C-4a.
Therefore, the structure of 2 was shown in Fig. 2, named ela-
tostemanoside II.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Compound 3 was obtained as a white amorphous powder. It
showed the molecular formular of C,,H;,0g which was
deduced on the basis of the HRESIMS results at m/z 399.20109
[M + H]", caled for C,0H3,0g, m/z 397.18567 [M — H] ™, caled for
C0H90s. Its IR spectrum revealed the presence of hydroxy at
3360 cm ™" and UV spectrum showed the absorption maxima at
205, 222 and 280 nm. The 'H-NMR spectrum of 3 exhibited the
presence of ABX system benzene rings [0y 6.68 (d, 2.1, H-2'),
7.07 (d, 8.2, H-5'), 6.60 (dd, 8.3, 2.1, H-6')] and one anomer
proton [0y 4.69 (d, 7.6, H-Glc1)]. The large coupling constant of
H-Glc at 7.4 Hz also confirmed B-orientation position of the
sugar. The *C-NMR of compound 3 displayed 20 carbon
signals, including six olefinic carbon signals [6¢ 140.2 (C-1),
117.1(C-2"), 148.3 (C-3'), 144.8 (C-4), 119.2 (C-5') and 120.7 (C-
6')], 1 anomer carbon signal [6c 104.9 (C-Glc1')], seven
oxygenated carbon signals [d¢ 67.4 (C-3), 74.9 (C-Glc2), 77.7 (C-
Glc3), 71.3 (C-Gle4), 78.3 (C-Gle5) and 62.4 (C-Gle6)]. Based on
1D, 2D NMR spectrum, the sugar signal (Glec-1 to Gle-6) and the
aliphatic chain form and ABX system benzene ring were
established (Fig. 3). The HMBC correlation from H-Glc1, H-2/,
H-5' to C-3' confirmed the O-glycoside linkage of glucose sugar
to C-3'. In addition, HMBC signals between H8/H-1, H-2/, H-5’
and H7/H-1, H-2 were more important evidence for establish-
ing the positions of atom on aliphatic part of 3 (Fig. 3). To
determine the configuration at two positions of carbon C-1 and
C-3, NOESY spectrum was assessed. The NOE correlation of H-
1/H-5,, confirmed o-axial orientation of H-1. The B-equatorial
orientation of H-3 was also established according to the NOE
correlation of H-3/H-2a4eq, H-4axeq (Fig. 3). Therefore, the
structure of 3 was depicted on the Fig. 3, named elatostema-
noside III.

Compound 4 was acquired as white amorphous powder. It
possessed the molecular formular of C,,H;,0s based on its
HRESIMS results at m/z 399.20108 [M + H]", calcd for C,oH3,0g,
m/z 421.18258 [M + Na]", caled for CyoH3,0gNa, m/z 397.18570
[M — H]7, caled for C,yH,904g, m/z 443.19117 [M + HCOO] ",
caled for C,;H3¢019. Compound 4 had the same molecula
formular and the similarity UV (Apax 205, 222 and 280 nm) and
IR (3364 cm ') spectrum to compound 3 that suggested to be an
isomer of compound 3. This conclusion was be confirmed by
analyzing its 1D and 2D NMR data and the major difference
between them is the trisubstituted AMX system benzene instead
of ABX in 3. The a-axial orientation of H-1, B-equatorial orien-
tation of H-3 and B-glucose was determined similarly as those in
3 (Fig. 3). According to HMBC correlation of H-2', H-6', H-7, H-8/
H-1'; H-4, H-6/H-5', H-2, H-4, H-Glc1/H-3/, the position of
substituted groups on the aromatic ring were established. From
above the analysis, the structure of compound 4 was displayed
in Fig. 2, named elatostemanoside IV.

Compound 5 was isolated as a white amorphous powder.
The IR spectrum displayed a band at 3355 cm™ ", indicating the
presence of a hydroxy group, and the UV spectrum showed
absorption maxima at 206, 226, and 282 nm. Its molecular
formula of C,oH3,0g was determined by the HRESIMS results at
m/z 399.20109 [M + H]", caled for C,oH;,0g, m/z 421.18296 [M +
Na]", caled for C,oH300gNa, m/z 397.18549 [M — H] . It had
same molecular formular with 3 and 4, that suggested they were

RSC Adv, 2025, 15, 10639-10652 | 10641
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Fig. 3 Key HMBC, NOESE and COSY correlations of compounds 1-6.

isomers. Similarity to 3, NMR data 5 displayed three parts of the
structure, one ABX aromatic ring, one B-orientation sugar and
one aliphatic bone. In the HMBC spectrum, the correlation
between H-2/, H-6/, H-7, H-8/C-1’ and H-2, H-5, H-7, H-8/C-1, H-
2/C-8 confirmed the substituted positions at C-1 and C-1/,
respectively. The O-glycoside linkage from sugar to C-3 was also
established based on HMBC correlation from H-Glc1, H-2, H-4
to C-4 (Fig. 3). Besides, the NOE correlation of H-1/H-3, H-5
determined the B-axial orientation of H-3 and H-1 (Fig. 3).
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Therefore, the structure of 5 was showed in Fig. 2, named
elatostemanoside V.

Compound 6 was acquired as white amorphous powder and
have same formula molecular of C,yH;,Og with 6 based on
HRESIMS data m/z 399.20106 [M + H]', caled for Cy0H3,0g, m/z
421.18293 [M + Na]", caled for C,,H3,05Na, m/z 397.18562 [M —
H]™, caled for C,oH,90g, m/z 795.37903 [2M — H] ™, calcd for
C40H50016, Mm/z 443.19122 [M + HCOO]", caled for Cy1H3104y,-
Additionally, the IR spectrum exhibited a band at 3358 cm ™'

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Linear correlations of the experimental 6S5-1 and 6R-1 with the
calculated **C NMR chemical shifts for 1.

(hydroxy group). The UV spectrum showed A,.x at 206, 226, and
282 nm. By analysis 1D and 2D NMR data, the planar structure
was got as same as 5 (Fig. 3). This suggested they were stereo-
isomers. In the NOESY spectrum, the key correlation between
H-1/H-5 confirmed the B-axial orientation of H-1 (Fig. 3).
Furthermore, a-equatorial orientation of H-3 was also estab-
lished based on NOE signal between H-3/H-4aycq, H-2axeq-
Thus, the structure of 6 was depicted in Fig. 2, named elatos-
temanoside VI.

2.2. Cytotoxicity effect and structure-activity relationship
(SAR) analysis

Among compounds 1-6, only compound 2 belongs to the
hydroxynaphthalenone group, some members of which have
been investigated for their cytotoxic effects on HepG2 cells. The
results revealed that the compound with the lowest ICs, value
was 88.23 uM.** Additionally, to the best of our knowledge, no
studies have been found on the effects of similar compounds on
the remaining compounds with HepG2 or HCC1806 cells. Based
on this evidence, combined with our experience, we selected
concentrations of 100 pM for HepG2 and 40 uM for HCC1806 for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the initial screening. Only compounds that showed the cytotoxic
activity of more than 50% were continuously assessed ICs,. On
HepG2 model, compound 2 exhibited the strongest effect with
IC5, value of 18.2 + 2.1 uM, followed by 6 (IC5, = 32.1 + 0.4 uM)
and 5 (57.6 = 1.3 uM). And on HCC1806 model, only compound 6
showed moderated cytotoxic activity with ICs, values of 35.4 +
0.3 uM (Table 3). Furthermore, compound 2, 5, 6 were also tested
cytotoxicity on normal cell fibroblast CCD-966SK. At concentra-
tion of 100 puM, all of them showed no toxicity with cell viability of
98.5%, 99.7% and 97.3%, respectively. These findings suggest
that compounds 2, 5, and 6 exhibit selective cytotoxicity against
cancer cells while demonstrating minimal toxicity toward
normal fibroblast cells, even at high concentrations. This selec-
tive action highlights their potential as promising candidates for
further investigation and development as anti-cancer agents.
Compound 2 belongs to the hydroxynaphthalenon family
which showed many bioactivities of potential neuroprotective,
anti-cancer, anti-virus and anti-bacteria.*>3* For structure-
activity relationship analysis (SAR), we used compounds a-g
(Fig. 5) which were isolated in previous study®** and compound 2
in our study. Firstly, the presence of a bulky group at the C-4
position of the cyclohexanone ring was a crucial factor that
significantly reduced cytotoxic effects. For instance, compound
2, which lacks a substituent at the C-4 position, exhibited an
ICsy value of 18.20 pM. In comparison, compounds a and b,
which share the same hydroxynaphthalenone core but have -
OH groups at C-4, showed higher ICs, values of 56.9 uM and
67.9 uM, respectively. Compound ¢, similar in structure to
compound b but with a bulkier -OCH; group at C-4 instead of —
OH, further increased the ICs, to 88.23 uM. Meanwhile,
compounds d-g, which have the largest -O-Glc substituents at
the C-4 position, replacing the -OH/—OCH; or lack of substit-
uents in compounds a, b, ¢, and 2, showed no activity. However,
substituents on the benzene ring showed the opposite trend,
where increased complexity led to higher cytotoxicity. For
instance, the cytotoxicity of compound 2 (contained two
substituents -OH and -O-Glc) was greater than that of

~N
a b c 2
56.87 uM 67.95uyM  88.23 uM 18.20 uM
o OH O o)
HO - Y ;
5 5 OH O OH O
Glc/o Glc/o ~Gle Gle
d e f g
NA NA NA NA

Fig. 5 Cytotoxicity ICsq values of dinydrophenanthrenones on HepG2
cell model (NA: no activity, compounds a—g: data from previous
study,?? 2: compound 2) for SAR analysis.
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compounds a (contained one substituent -OH) and b (no
substituent). Additionally, the effect of the substituents on the
cyclohexanone ring outweighed those on the benzene ring. For
example, compounds d-g, containing an -O-Glc group conju-
gated to the C-4 position, showed no activity, regardless of the
number or position of substituents on the benzene ring (Fig. 5).
Final, compound 2, which exhibited the strongest cytotoxic
activity against HepG2 cells, showed no effect on HCC1806 cells,
indicating a selective effect on different cancer types.
Compounds 3-6 have structures that contain a phenol ring
conjugated to a cyclohexane ring by an ethane bridge. They are
different by the position -OH and -O-Glc substituent on the
phenol or cyclohexane ring. Notably, compounds 3, 4 with
glycosidic substituent on phenol group do not show the cyto-
toxic effect, whereas compounds 5, 6 with glycosidic substituent
on cyclohexan group. This suggested the position of glucose
plays an essential role in the cytotoxicity effect. Besides, the cis

HO

3 HO

NA: both HepG2 and HCC 1806

OH

OH

4 HO
NA: both HepG2 and HCC 1806

L «nOH
HO
HO‘©—/ <:> HO
5
HepG2: 57.6 + 1.3 pM
HCC 1806: NA

~nOH

HepG2: 32.1 £ 0.4 uM
HCC 1806: 35.4 + 0.29 uM

Fig. 6 Structure and cytotoxicity 1Cso values for SAR analysis of
compounds 3—-6.
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and trans configuration of H-1 and H-3 have also an impact to
the activity, that the trans showed the better effect than cis one.
For example, compound 5 (cis position) and compound 6 (trans
position) acquired the ICs, values of 57.6 & 1.3 uM, 32.1 + 0.4
UM respectively on HepG2. On HCC1806, compound 5 also
showed the ICs, values of 35.4 £ 0.3 uM, whereas no activity on
compound 6 (Fig. 6).

By the cytotoxicity-guided technique, we successfully isolated
three bioactive compounds from potential fractions. These
compounds could be used as potential structures for the opti-
mization and development of potential therapeutic agents for
cancer treatment.

2.3. Cell apoptosis analysis

Following the assessment of their cytotoxicity effect on HepG2,
HCC1806 cancer cells and non-cancerous cells, compounds 2, 5,
and 6 were selected for further investigation due to their
activity. To evaluate their potential to induce apoptosis, HepG2
cancer cells were treated with varying concentrations of the
selected compounds for 72 hours. Subsequently, apoptotic cell
percentages were quantified using a flow cytometry assay and
the results were shown in Fig. 7. The data reveal a significant
dose-dependent induction of apoptosis for all three
compounds, with distinct variations in early and late apoptotic
stages. Compound 2 exhibited a potent pro-apoptotic effect. At
10 pM, it induced apoptosis in 69.5% of HepG2 cells, with
59.6% in the early apoptotic stage and 17.1% in the late
apoptotic stage. At 20 uM, the apoptotic effect was further
enhanced, with 86.0% of cells undergoing apoptosis (66.7%
early apoptosis and 19.3% late apoptosis). These findings
indicate that compound 2 is highly effective in triggering
apoptosis, particularly in the early stage. Compound 5 also
demonstrated significant apoptotic activity. At a concentration
of 40 uM, it caused apoptosis in 64.6% of cells, with 51.0% in
early apoptosis and 15.8% in late apoptosis. Increasing the
concentration to 60 uM resulted in an increase in total
apoptosis to 71.6%, with 53.2% of cells in early apoptosis and
18.5% in late apoptosis. Among the three compounds,
compound 6 induced the highest levels of apoptosis at
comparable concentrations. At 20 uM, 71.9% of cells were
apoptotic, with 53.7% in early apoptosis and 21.1% in late
apoptosis. At 40 puM, the total apoptotic population rose to
84.7%, with 56.5% in early apoptosis and 28.2% in late
apoptosis. These results suggest that compound 6 is particularly
effective in inducing late apoptosis at higher concentrations.

2.4.
ratio

Induction of apoptosis via modulation of the Bax/Bcl-2

The Bcl-2 protein family plays a pivotal role in regulating
apoptosis, with the balance between pro-apoptotic and anti-
apoptotic members determining cellular fate. Bax, a pro-
apoptotic protein, promotes apoptosis by permeabilizing the
mitochondrial outer membrane, leading to cytochrome c
release and activation of the caspase cascade. The interaction
between Bax and its anti-apoptotic counterpart, Bcl-2, is critical,
as their relative levels influence whether a cell survives or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Apoptosis induction in HepG2 cancer cells by compounds 2, 5, and 6 after 72 hours of treatment (***P < 0.001 vs. control).

undergoes apoptosis.***' Therefore, the Bax/Bcl-2 ratio is
considered a more accurate predictor of apoptotic status than
the absolute levels of either protein.**

The effects of compounds 2, 5, and 6 on the Bax/Bcl-2 ratio in
HepG2 cells were analyzed using western blot, as shown in
Fig. 8. The results demonstrate a dose-dependent increase in
the Bax/Bcl-2 ratio, indicating enhanced pro-apoptotic activity
with increasing concentrations of the compounds. Compound 2
significantly increased the Bax/Bcl-2 ratio in a concentration-
dependent manner. At 10 uM, the ratio increased to 1.43
compared to the control (1.0), and at 20 uM and 30 uM, the ratio
further rose to 3.0 and 7.0, respectively. This steep increase
highlights the strong pro-apoptotic effect of compound 2,
particularly at higher concentrations. Similarly, compound 5
exhibited a pronounced effect on the Bax/Bcl-2 ratio. At 40 uM,
the ratio increased to 1.5, and at 60 uM and 80 uM, it reached
3.2 and 6.4, respectively. These findings suggest that compound
5 effectively shifts the balance towards apoptosis by upregulat-
ing Bax or downregulating Bcl-2 expression. Compound 6 also
demonstrated a dose-dependent increase in the Bax/Bcl-2 ratio,

© 2025 The Author(s). Published by the Royal Society of Chemistry

though to a lesser extent compared to compounds 2 and 5. At 20
uM, the ratio was 1.1, increasing to 2.6 at 40 uM and 3.4 at 60
uM. This moderate increase indicates that compound 6 induces
apoptosis, albeit less efficiently than the other compounds at
equivalent concentrations. These results also suggested the
apoptosis activity of compound 2, 5 and 6 through the mito-
chondrial pathway. The Bax/Bcl-2 ratio is a critical determinant
of the intrinsic apoptotic pathway, with higher ratios favoring
mitochondrial membrane permeabilization and subsequent
activation of caspases. The dose-dependent increases in the
Bax/Bcl-2 ratio observed for compounds 2, 5 and 6 confirm their
pro-apoptotic potential, with compound 2 showing the stron-
gest effect, followed by compound 5 and compound 6. These
results suggest that the compounds exert their effects through
the modulation of pro- and anti-apoptotic proteins, effectively
tipping the balance towards apoptosis. The differences in effi-
cacy among the compounds highlight potential variations in
their mechanisms of action or cellular uptake. These results
also suggested that compounds 2, 5, 6 induced apoptosis
through the mitochondrial pathway.****
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3. Conclusion

In summary, six previously unreported glycosides (1-6) were
isolated from Elatostema tenuicaudatum. Compounds 1 and 2
were identified as a menthiafolaldehyde glycoside and a dihy-
drophenanthrenone  glycoside  derivative,  respectively.
Compounds 3-6 featured a 6/2/6 structural framework,
comprising a cyclohexane ring connected to a phenol ring via an
ethane bridge. Their cytotoxic effects were also evaluated, and
preliminary structure-activity relationships (SAR) were dis-
cussed. Notably, compound 2 exhibited the strongest cytotox-
icity against HepG2 cells, while compound 6 showed the highest
activity against HCC1806 cells. Compound 2, 5 and 6 also
induce apoptosis in HepG2 model through the mitochondrial
pathway by enhancing the Bax/Bcl-2 ratio.

4. Material and methods
4.1. General experimental procedures

Amos GV-800S system (Amos instruments Corp., Taiwan) was
used for extraction and concentrating. UV, IR, optical rotation,

10646 | RSC Adv, 2025, 15, 10639-10652

HRMS, NMR spectra were conducted on Thermo UV-vis Helios
(USA), JASCO FT/IR 4100 (Japan), JASCO P-2000 polarimeter
(Japan), Thermo Q-ExactiveTM Plus Hybrid Quadrupole Orbi-
trap (USA) and Agilent DD2 600 MHz system (USA), respectively.
Hitachi L-7000 with DAD L-7455 detector system used Thermo
Hypurity C18 column (250 x 4.6 mm, 5 um) and Shimadzu 20-
AR preparative HPLC system used Cosmosil C18 (250 x 20 mm,
5 um) for preparative injection. Column chromatography was
conducted on Isolera ONE MPLC (Uppsala, Sweden). The
human liver cancer cell line HepG2 was obtained from the
Bioresource Collection and Research Center (Taiwan) and the
human breast cancer cell line HCC1808 was obtained from
National Health Research Institutes (Taiwan), non-cancerous
fibroblast (CCD-966SK) cell lines were sourced from Biotech-
nology Center of Ho Chi Minh City. Cytotoxicity experiments
were assessed on Varioskan LUX spectrophotometer system
(Thermo Fisher Scientific, Bremen, Germany). Flow cytometry
was performed using the FITC Annexin V Apoptosis Detection
Kit with PI (BioLegend) on an Invitrogen Attune™ NxT Acoustic
Focusing Cytometer (Thermo Fisher Scientific, Bremen, Ger-
many). Antibodies against Bax, Bcl-2, and B-actin, along with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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secondary antibodies, were procured from Cell Signaling
Technology for western blot analysis.

4.2. Plant materials

E. tenuicaudatum aerial parts were collected from Hoa Binh
province, Vietnam in 2020. The authentic name was confirmed
by Dr Thanh-Hoa, Vo (University of Health Sciences — Vietnam
National University Ho Chi Minh city). The plant voucher was
stored at the Pharmacognosy laboratory, Taipei Medical
University.

4.3. Bioassay-guided isolation

A total of 117 g of E. tenuicaudatum extract was obtained from
dried material, which had been extracted using 96% ethanol in
a 1:20 ratio (2 kg of material to 40 liters of ethanol) via a reflux
and concentration system. After removing the non-polar frac-
tion through liquid-liquid partitioning with n-hexane, the
aqueous layer was further separated into Fractions 1-11 using
MPLC with a normal-phase column. This separation was ach-
ieved with a gradient mobile phase of n-hexane, ethyl acetate,
and methanol. Fractions 1 to 11 were then screened for cyto-
toxicity in a HepG2 model, and those fractions showing cell
viability below 70% were subsequently purified (Fig. 1). Fraction
5 was repeated preparative - HPLC on C18 column with mobile
phase of CH;CN 18% and flow rate of 9 ml min~" to get 3.2 mg
of compound 1. Fraction 6 and fraction 7 was also applied onto
preparative - HPLC (C18 column, CH;CN 24%, 9 ml min™") to
yield compound 3 (17.3 mg), compound 4 (9.7 mg), compound 5
(30.0 mg), compound 6 (40.0 mg). Fraction 8 was initially
separated into Subfraction 8.1 to Subfraction 8.10 by C-18 MPLC
with methanol-water (gradient). Then, Subfraction 8.4 was
conducted on C18 column preparative-HPLC with CH;0H 28%
in 8 ml min~" to obtain 17.0 mg of compound 2 (Scheme 1).

4.3.1. Elatostemanoside I (1). White amorphous powder;
UV (MeOH) Apmay: 204, 226 and 290 nm, [a]’ = 2.3 (¢ = 0.10,
MeOH); IR (neat) vy 3392, 2927, 2858, 1694, 1515, 1461, 1383,
1242, 1175, 1024 cm ™', "H NMR (CD;0D, 600 MHz) and *C
NMR (CD;0D, 600 MHz): see Table 1; HRESIMS m/z: 353.15680
[M + Na]" (caled for Cy6H,60,Na), 375.16505 [M + HCOO]~
(caled for C47H,,0s).

4.3.2. Elatostemanoside II (2). White amorphous powder;
UV (MeOH) Apay 208, 230, 273 and 307 nm, [a]y = —79.3 (c =
0.10, MeOH); IR (neat) vy, 3845, 3742, 3679, 3388, 2930, 2863,
1657, 1596, 1510, 1447, 1352, 1266, 1215, 1063, 1039, 897, 818,
676, 592, 412 cm™ ', '"H NMR (CD;0D, 600 MHz) and "*C NMR
(CD;0D, 600 MHz): see Table 1; HRESIMS m/z: 355.13827 [M +
H]" (caled for Cy;H,30g), 399.12857 [M + HCOO] ™ (caled for
C18H23010)~

4.3.3. Elatostemanoside III (3). White amorphous powder;
UV (MeOH) Amay: 205, 222 and 280 nm, [a]%’ = —29.0 (c = 0.10,
MeOH); IR (neat) vyax: 3360, 2926, 2866, 1532, 1513, 1447, 1278,
1058, 1040 cm ', "H NMR (CD;0D, 600 MHz) and **C NMR
(CD30D, 600 MHz): see Table 2; HRESIMS m/z: 399.20109 [M +
H]" (caled for C,oH3,0s), m/z: 397.18567 [M - H] ™ (caled for
C20H290s).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Extraction and isolation workflow of compounds 1-6 from
Elatostema tenuicaudatum.

4.3.4. Elatostemanoside IV (4). White amorphous powder;
UV (MeOH) Ayay: 205, 222 and 280 nm, [a]’ = —23.4 (c = 0.10,
MeOH); IR (neat) vya,: 3742, 3364, 2926, 2866, 1693, 1644, 1548,
1532, 1515, 1463, 1276, 1057, 1042, 1025 cm ', 'H NMR
(CD;0D, 600 MHz) and **C NMR (CD;0D, 600 MHz): see Table
2; HRESIMS m/z: 399.20109 [M + H]", (caled for C,,H3,05), m/z:
421.18296 [M + Na]', (caled for C,oHz,OgNa), m/z: m/z:
397.18570 [M — H] ™ (caled for C,oH,90s), m/z: 443.19117 [M +
HCOO] ™ (caled for Cy1H3z1040).

4.3.5. Elatostemanoside V (5). White amorphous powder;
UV (MeOH) Apay: 206, 226 and 282 nm, [a]f’ = —4.0 (¢ = 0.10,
MeOH); IR (neat) v 3355, 2925, 2856, 1644, 1516, 1446, 1363,
1276, 1066, 1016 cm™ ', "H NMR (CD;0D, 600 MHz) and *C
NMR (CD;0D, 600 MHz): see Table 2; HRESIMS m/z: 399.20109
[M + HJ', (caled for CyoH3,0g), m/z: 421.18296 [M + Na]*, (caled
for CoH300gNa), m/z: 397.18542 [M — H] ™ (calcd for C,gH,9O0g).

4.3.6. Elatostemanoside VI (6). White amorphous powder;
UV (MeOH) Apay: 206, 226 and 282 nm, [a]F’ = —0.7 (¢ = 0.10,
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Table 1 'H and 3C NMR of compound 1 and 2
1 (CD;0D, 600 MHz) 2 (CD;0D, 600 MHz)
Position dc 0y (J in Hz) Position dc 0y (J in Hz)
1 197.3 9.35 (s) 1 199.8
2 140.3 2 39.4 2.58 (t, 6.0)
3 157.7 6.67 (td, 7.3, 1.4) 3 24.7 24.7 (p, 6.0)
4 24.8 2.53 (m) 4 30.3 2.94 (p, 6.0)
5 39.4 1.83 (m) 4a 126.7
6 80.9 5 112.4 6.90 (s)
7 144.3 6.11 (dd, 17.7, 11.0) 6 146.7
8 115.3 5.19 (dd, 11.0, 1.2) 7 156.0
5.26 (dd, 17.7, 1.2)
9 9.1 1.72 (s) 8 115.3 7.68 (s)
10 24.1 1.38 (s) 8a 143.4
Gle-1 99.4 4.36 (d, 7.9) O-Me 56.7
Gle-2 75.1 3.17 (ovl) Gle1 102.6 4.94 (d, 7.2)
Gle-3 78.3 3.34 (t, 9.3) Glc2 74.9 3.46 (OVl)
Glc-4 71.8 3.28 (t, 9.3) Gle3 77.9 3.49 (ovl)
Gle-5 77.7 3.17 (ovl) Glc4 71.1 3.47 (ovl)
Glc-6 62.9 3.81 (dd, 11.8, 2.5) Gles 78.1 3.44 (ovl)
3.63 (dd, 11.8, 5.7)
Gle6 62.3 3.73 (dd, 12.2, 4.3)

MeOH); IR (neat) vya: 3358, 2926, 2860, 1517, 1447, 1365, 1278,
1067, 1024, 814 cm ™', "H NMR (CD3;0D, 600 MHz) and **C NMR
(CD3;0D, 600 MHz): see Table 2; HRESIMS m/z: 399.20106 [M +
H]" (caled for C,oHs,0g), m/z: 421.18293 [M + Na]', (caled for
CyoH300sNa), m/z: 397.18567 [M — H] (caled for CyoH,90s).

The spectroscopic data of compound 1-6 were showed in ESI
Fig. $1-859.1

4.4. Sugar identification

The sugar analysis was conducted by applying Polysaccharide
Compositional Assay Kit of Sugar Light company (Taiwan and
kit protocol). The UPLC-MS method utilized ACQUITY UPLC
BEH C18 column (2.1 x 100 mm, 1.7 um; Waters) and mobile
phase consisting of two channels: channel A (0.1% formic acid
in acetonitrile) and channel B (0.1% formic acid in water). The
gradient program was as follows: at 0 and 6 minutes, channel A
was at 7%, increasing to 13% at 8 minutes, 18% at 10 minutes,
and reaching 50% at 10.5 minutes, maintaining this until 12
minutes, then returning to 7% by 12.1 minutes and remaining
until 17 minutes. The flow rate was set at 0.3 pL min~* with an
injection volume of 10.0 pL. For mass spectrometry, electro-
spray ionization (ESI) was used in both positive ion modes. The
spray voltages were 3.5 kV, while capillary and source heater
temperatures were kept at 360 °C and 350 °C, respectively. The
mass spectrometer executed at the SIM mode (m/z 319 for b-
glucose-NAIM).

4.5. NMR calculation

The chemical structure and initial conformers were generated
using the Merck molecular force field (MMFF), followed by pre-
optimization through the Semi-empirical (PM6) and Hartree-
Fock (3-21G) methods in the Spartan 14 software (Wavefunction

10648 | RSC Adv, 2025, 15, 10639-10652

3.86 (dd, 12.2, 1.8)

Inc., Irvine, CA, USA). Conformers with relative energies below
5 kecal mol " were then selected for further geometry optimi-
zation and frequency calculations using density functional
theory (DFT) at the B3LYP/6-31G+(d,p) level in the gas phase,
performed with Gaussian 09 W software. Next, NMR calcula-
tions were carried out using the GIAO method at the PCM/
mpwlpw91/6-31+g(d,p) level, with theoretical NMR values
determined based on Boltzmann-weighted averages. Finally, the
computed proton and carbon NMR spectra were compared with
experimental data, and the configuration was identified
through DP4+ analysis.?®>°

4.6. Cell viability assay

The cells were cultured in a complete medium composed of
Dulbecco's Modified Eagle Medium (DMEM, Gibco), 10% Fetal
Bovine Serum (FBS, Gibco), and 1% antibiotic-antimycotic BSA
(Gibco). Once the cells reached 80% confluence, they were
rinsed with PBS and detached using trypsin-EDTA (Gibco) at
37 °C for 5 minutes. The cells were then seeded into 96-well
plates at a density of 3 x 10” cells per well (100 uL per well) and
incubated for 24 hours at 37 °C with 5% CO,. Following this,
100 pL of fresh medium containing the test samples was added
to replace the old medium. After 48 hours of incubation for
HepG2 and 72 hours for HCC1806, cell viability was evaluated
using the MTT assay according to standard protocols. Control
cells were maintained under the same conditions for compar-
ison. The absorbance readings were influenced by the solvent
used in the sample, and cell viability was calculated using the
formula: % viability = (total cells — viable cells)/total cells x
100. The compounds were screened at concentrations of 100 pM
for HepG2 and 40 pM for HCC1806. Those that exhibited cyto-
toxicity exceeding 50% were further evaluated to determine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Cytotoxicity of compounds 1-6 against HepG2 and
HCC1806

1C5q values 1C5, values

Compounds on HepG2 (M) on HCC1806 (uM)
1 >100 >40

2 18.2 £ 2.1 >40

3 >100 >40

4 >100 >40

5 57.6 £1.3 >40

6 32.1 £04 35.4+0.3
Sorafenib 12.3 £ 3.2 —

Cisplatin — 8.3 +0.5

their ICs, values. Sorafenib and cisplatin were used as positive
control for HepG2 and HCC1806, respectively.

4.7. Flow cytometry analysis

The effects of the tested compounds on cell cycle progression
and apoptosis in HepG2 cells were evaluated using flow
cytometry. HepG2 cells were seeded into 6-well plates at
a density of 2 x 10° cells per well. For cell cycle analysis, the
cells were treated with varying concentrations of the
compounds for 72 hours. Staining was performed following the
manufacturer's instructions. After treatment, the cells were
collected, washed twice with cold BioLegend Cell Staining
Buffer, and resuspended in Annexin V Binding Buffer at
a concentration of 1.0 x 10° cells per ml. A 100 pL aliquot of the
cell suspension was transferred into a 5 ml test tube. The cells
were then incubated with 5 pL of FITC annexin V and 10 pL of
propidium iodide (PI) solution for 15 minutes at room
temperature in the dark. Following this, 400 pL of binding
buffer was added to each sample. The samples were analyzed
via flow cytometry within one hour, and cells positively stained
with annexin V-FITC were identified as apoptotic. Data
compensation and analysis were performed using FlowJo10
software.

4.8. Western blot analysis

The effects of compounds 2, 5, and 6 on the Bax/Bcl-2 ratio in
HepG2 cells were evaluated using western blot. HepG2 cells
were cultured in 6-well plates at a density of 2 x 10° cells per
well and treated with various concentrations of the compounds
72 hours. After treatment, the cells were harvested and lysed
using lysis buffer supplemented with protease and phosphatase
inhibitors. The protein concentration of the lysates was deter-
mined using the Bradford assay. Equal amounts of total protein
(10 pg per sample) were separated on 12% SDS-PAGE gels and
transferred to PVDF membranes. The membranes were blocked
in 5% Bovine Serum Albumin (BSA) in Tris-buffered saline with
0.05% Tween-20 (TBS-T) for 1 hour at room temperature.
Subsequently, the membranes were incubated overnight at 4 °C
with primary antibodies against Bax (1 : 1000 dilution), Bcl-2 (1 :
1000 dilution), and B-actin (1:10000 dilution) as a loading
control. After washing with TBS-T, the membranes were incu-
bated with HRP-conjugated secondary antibodies (1:5000
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dilution) for 2 hours at room temperature. The protein bands
were visualized using an enhanced chemiluminescence (ECL)
detection kit, and the band intensities were normalized with -
actin quantified using Image]J software.
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